The human immunodeficiency virus envelope protein is the key element mediating entry into host cells. Conformational rearrangement of Env upon binding to the host CD4 receptor and chemokine coreceptor drives membrane fusion. We elucidated the quaternary arrangement of the soluble Env trimeric immunogen o-gp140ΔV2TV1, in both its native (unliganded) and CD4-induced (liganded) states by cryoelectron microscopy and molecular modeling. The liganded conformation was elicited by binding gp140 to the synthetic CD4-mimicking miniprotein CD4m. Upon CD4m binding, an outward domain shift of the three gp120 subunits diminishes gp120-gp41 interactions, whereas a "flat open" concave trimer apex is observed consequent to gp120 tilting away from threefold axis, likely juxtaposing the fusion peptide with the host membrane. Additional features observed in the liganded conformation include rotations of individual gp120 subunits that may release gp41 for N-and C-helix refolding and also may lead to optimal exposure of the elicited coreceptor binding site. Such quaternary arrangements of gp140 lead to the metastable liganded conformation, with putative locations of exposed epitopes contributing to a description of sequential events occurring prior to membrane fusion. Our observations imply a mechanism whereby a soluble Env trimeric construct, as opposed to trimers extracted from virions, may better expose crucial epitopes such as the CD4 binding site and V3, as well as epitopes in the vicinity of gp41, subsequent to conjugation with CD4m. Structural features gleaned from our studies should aid the design of Env-based immunogens for inducement of potent broadly neutralizing antibodies against exposed conformational epitopes.
The human immunodeficiency virus envelope protein is the key element mediating entry into host cells. Conformational rearrangement of Env upon binding to the host CD4 receptor and chemokine coreceptor drives membrane fusion. We elucidated the quaternary arrangement of the soluble Env trimeric immunogen o-gp140ΔV2TV1, in both its native (unliganded) and CD4-induced (liganded) states by cryoelectron microscopy and molecular modeling. The liganded conformation was elicited by binding gp140 to the synthetic CD4-mimicking miniprotein CD4m. Upon CD4m binding, an outward domain shift of the three gp120 subunits diminishes gp120-gp41 interactions, whereas a "flat open" concave trimer apex is observed consequent to gp120 tilting away from threefold axis, likely juxtaposing the fusion peptide with the host membrane. Additional features observed in the liganded conformation include rotations of individual gp120 subunits that may release gp41 for N-and C-helix refolding and also may lead to optimal exposure of the elicited coreceptor binding site. Such quaternary arrangements of gp140 lead to the metastable liganded conformation, with putative locations of exposed epitopes contributing to a description of sequential events occurring prior to membrane fusion. Our observations imply a mechanism whereby a soluble Env trimeric construct, as opposed to trimers extracted from virions, may better expose crucial epitopes such as the CD4 binding site and V3, as well as epitopes in the vicinity of gp41, subsequent to conjugation with CD4m. Structural features gleaned from our studies should aid the design of Env-based immunogens for inducement of potent broadly neutralizing antibodies against exposed conformational epitopes.
T he human immunodeficiency virus envelope proteins gp120 and gp41 associate in a trimeric arrangement (1-3) and mediate membrane fusion through conformational rearrangement and fusion peptide insertion into the host membrane. The gp120 tertiary conformational change observed via X-ray crystallography has not been definitively characterized in the context of a quaternary structure. Several observations have been gleaned from tomography studies, though with inconclusive and sometimes contradictory results. Quaternary structural features reported previously include trimer morphology, with some groups reporting a mushroom-like shape and others a more rod-like arrangement, as well as the relative location of the primary epitope, hypervariable loops, and N-and C-termini, which have some variation among the different tomograms. Another point of conflict is the presence of a cavity at the threefold axis, capped by a density. One final feature is the arrangement of gp41, with some groups reporting a thin, stalk-like rod arrangement of gp41 and another group reporting a more splayed out, tripod-like conformation of gp41 proximal to the viral membrane. Taken together, these contrasting features portray a heterogeneous set of registers that seem to hinder a cohesive and thorough model of ligand-induced quaternary arrangement.
Reconstruction of density maps in combination with docking of X-ray crystallography atomic coordinates (4-6) serves to further characterize and build upon previous work. Structures of unliganded simian immunodeficiency virus (SIV) gp120 (7) and liganded HIV-1 gp120 (CD4-bound) (8) revealed a large conformational rearrangement in the gp120 inner domain, though its significance was then unclear in the quaternary context. As mentioned above, tomograms by various groups (9-11) have not reached consensus on several structural features. Both Kwong (8) and Chen (7) provided putative quaternary models based on their tertiary findings, and the subsequent tomograms either diverged from or converged to those models. Cryoelectron microscopy (cryo-EM) imaging and structure determination of gp140 as a soluble trimeric complex as opposed to imaging of envelopes purified from virions can provide evidence of quaternary conformational shifts identified upon ligand binding at higher resolution than previously achieved, and hopefully serve to address the discrepancies between previous observations, which currently hamper a consensus view on the crucial events preceding membrane fusion.
In this work we propose a model for events occurring prior to membrane fusion by generating and analyzing density maps of gp140 in an unliganded and also a CD4-induced liganded conformation. We directly assessed the impact of the gp120 tertiary conformational change onto the quaternary arrangement of the gp140 trimer by comparatively analyzing the density maps between the native gp140 structure and its liganded conformation. The gp140 construct utilized in this study had a partial V2 loop truncation, a modification that has resulted in altered immunogenic characteristics (12) (13) (14) (15) (16) (17) , and was derived from TV1, an R5-dependent subtype C isolate originating from South Africa. Previous work has determined that TV1 immunogens elicited neutralizing antibodies and provided breadth against isolates from subtypes B and C (18) . Furthermore, the antibodies used in the immunochemical characterization of gp140 (12, 17) cover the most pertinent gp120 and gp41 epitopes, namely the CD4 binding site (CD4BS-IgGCD4 and sCD4), the coreceptor binding site (CrBS-17b and 447D), a neutralizing epitope on gp41 (2F5), and a glycan-dependent epitope (2G12), thus thoroughly covering the topology of gp140 so as to display its similarity to native Env trimers. The CD4 miniprotein (CD4m) used to elicit the liganded conformation displays nanomolar affinity to gp120 (19) , and elicits a nearly identical gp120 conformation as does soluble CD4 (sCD4) (20) . The small size of CD4m allowed the structural analysis in this work to focus on the quaternary changes in gp140 and circumvent possible steric aggregation induced by stoichiometric sCD4-gp140 binding. Locations of epitopes, hypervariable loops, and N-and C-termini prior to and following CD4 binding provide a rationale for epitope exposure, gp120/ gp41 interface abolition, and quaternary rearrangement. Tying in the well-characterized tertiary shift in gp120 to the entire trimer also reveals how a change in conformation in one protein can be communicated to an adjacent, noncovalently associated protein, as well as to demonstrate the extent of epitope occlusion and exposure posttriggering by CD4. Such information, crucial to vaccine and drug development, can enhance understanding of Env and hopefully broaden the scope of understanding of this crucial protein complex.
Results
Unliganded and CD4m-Liganded gp140 Reconstructions. The density map of unliganded trimeric gp140 revealed a propeller blade motif, clockwise handedness and a rounded short stem at the gp41 site or hub of the propeller blade (Fig. 1B) . The native trimer has a diameter of approximately 110 Å wide, and about 90 Å in height. The liganded density map has dimensions of 110 Å in diameter and 70 Å in height (Fig. 1E ). One notable difference is the weakened density in the threefold interface, diminished after CD4m binding, which could be readily assessed by the distance of the density gravity center between the proximal and the distant peaks of high contour (approximately 5 σ above the average density value). Comparative analysis of the two density maps suggests that three events occur upon reaching the liganded state: an outward density shift, a rotation about axes normal to the threefold (z) axis in each gp120 subunit (rotation about axes S 1 , S 2 , and S 3 at θ ¼ 90°, 210°and 330°respectively, Fig. 1B ) and a subunit tilt away from the z-axis that effectively flattens the density surrounding the threefold axis. Collectively, these events have significant impacts on a putative membrane fusion model. Density Shift Away from Threefold Axis. Isosurface density analysis of unliganded gp140 timers at a contour value of 3σ above the mean value revealed that the trimer "fan blade" connection to the threefold density remained contiguous. The density of the trimer arms in the liganded state are more bulbous at the distal tip, observations best described as a shift in density away from the trimer core. Comparative segmentation of both unliganded and liganded trimers revealed a weakened density at the threefold axis of gp140 trimers in the liganded state, along with a prominent gravity center at each trimer arm locus ( Fig. 1 C and F) .
Segmentation analysis and center-to-center measurements of unliganded vs. liganded trimers were taken to measure the distances between dense regions in the trimer arm to assess the extent of density shift. The unliganded trimer contains a center of high density in the likely location of the inner domain (Fig. 1C) . The distance from the threefold axis to the center of this dense domain is about 25 Å (Fig. 1C) . In the liganded state there is no perceptible difference between domains in the trimer arm. The distance between the threefold axis and the dense domain in the liganded trimer was about 40 Å (Fig. 1F) . The labile glycans do not appear to be as consistently represented by the data as the subunit core, because isosurface contour adjustment caused the density representative of the glycosylated face to disappear first.
Distinct Subunit Rotations Evident in the gp140 Liganded State. Evaluation of the side views of both unliganded and liganded density maps ( Fig. 2 A and B ) reveals a pair of subunit rotations in the liganded state. A subunit tilt away from the threefold (z) axis spans approximately 25°, which effectively flattens the trimer and may expose gp41 and the junction density among the subunits around the threefold axis (Fig. 2C) , when compared to the depression at the threefold axis in the unliganded gp140 density Fig. 2 A and C) . Juxtaposition of the threefold axis with the host membrane likely facilitates fusion peptide insertion, and this flattened quaternary state is likely stabilized by coreceptor binding. The subunit rotation about the axes normal to the z-axis was elucidated by overlapping both densities and viewing through the trimer arms (Fig. 2D ). If one defines the axis perpendicular to the threefold axis, effectively looking down on the trimer in a top view ( Fig. 1 B and E), as the z-axis, then one such observed subunit rotation is about the axes normal to the threefold (z) axis (axes S 1 , S 2 , and S 3 , as outlined above and in Fig. 1B ) and another tilts away from the z-axis. The overlapped densities corresponding to the gp120 subunit appear to rotate clockwise by approximately 60° (Fig. 2D) . Such a rotation may partly abrogate gp120-gp41 binding, free up the N-helix of gp41 to facilitate N-and C-helix binding, and translocate the CD4 binding site (CD4BS) on gp120 so that it faces the adjacent counterclockwise gp120 subunit, as well as rotate the location of the V3 loop such that it would be perpendicularly accessible and thus amenable to coreceptor binding.
map (
Distances Between Epitopes Suggest Ligand Binding Angles. The location of epitopes crucial to membrane fusion is suggestive of the receptor entry angles for binding. Because the CD4BS in the native, unliganded state appears to be located at the outermost trimer apex, about 60 Å apart, it appears that CD4 likely approaches the trimer from an angle perpendicular to the trimer plane (along the z-axis). As mentioned above, one change in gp120 subunit orientation upon CD4m binding is a clockwise rotation about axes normal to the threefold (z) axis (axes S 1 , S 2 , and S 3 ), as observed by superimposition of trimer arms of both densities. The V3 loop in the unliganded trimer fitting was located on the outer edge of each trimer arm, and is oriented on the trimer surface in the liganded state fitting approximately 100 Å apart. Likely, the gp120 rotation results in maximal exposure of the V3 loop, such that both the V3 loop and the bridging sheet are perpendicularly accessible by the coreceptor. Subsequent binding of the coreceptor likely results in a more solventexposed gp41 locus at the threefold axis, possibly facilitating fusion peptide insertion into the host membrane.
Variable Loop Location and Subunit Rotations. Docking of atomic coordinates resulted in good agreement between the density map and the X-ray coordinates utilized in fitting, with a correlation coefficient of 0.77. The native density map had unliganded SIV gp120 coordinates [Protein Data Bank (PDB) 2BF1] fitted into it (Fig. 3 A and B) . In our unliganded fitting, residues involved in CD4 binding, such as Asp368 and Glu370, are approximately 60 Å apart on the trimer apex, dimensions relevant for the design of multivalent miniprotein-based inhibitors to compete for multiple CD4 binding sites simultaneously.
The density map of the trimer in the liganded state had HIV-1 CD4-bound (PDB 1GC1) and CD4m-bound (PDB 2I5Y) fitted into it, again with good agreement and with similar results (Fig. 3 C and D and Fig. S1 ). Coordinates for CD4m (PDB 2I5Y) were included in the fitting to ascertain the location of CD4m and thereby the CD4BS after binding (Fig. 3 C and D, in blue) . In the unliganded density map, the region corresponding to the V3 loop as exhibited by the docking is located on the outer edge of each trimer fan blade (Fig. 3B) , poised in position to become maximally exposed after the clockwise rotation that CD4m binding elicits. The coreceptor binding site, comprised of the newly formed bridging sheet and the V3 loop, is, in the liganded state, located proximal to the threefold axis (Fig. 3D) , and is more accessible once gp120 and the CD4BS rotate about the axes normal to the threefold axis (S 1 , S 2 , and SM 3 ). The location of the CD4BS suggests that CD4 binds perpendicular to the threefold plane, as opposed to obliquely parallel to this plane (Fig. 4A) , and after subunit rotation, is oriented toward the adjacent counterclockwise subunit, resulting in a more accessible coreceptor binding site.
The V2 loop, in the unliganded state, appears to be located proximal to the viral membrane on the leading edge of each trimer arm. Upon CD4m binding, the V2 loop rotates along the gp120-gp41 interface such that it points counterclockwise toward the adjacent gp120 subunit. Visual inspection of the docked coordinates in the unliganded density map also suggests that the V4 and V5 loops are situated at the trimer arm tip, along with some of the major glycosylation sites, rendering them fully solvent-exposed and thus allowing them to shield Env from the host immune system. The gp120 region at the gp120/gp41 interface is partly comprised of two β-strands (β2 and β3) that, in the liganded state, form half of the bridging sheet to provide part of the coreceptor epitope.
The conformation of gp41 in a native state is unknown. To address this uncertainty, as well as the lack of gp41 coordinates in an unliganded conformation, both structures were docked with a cylinder at the threefold axis (Fig. 3 A-D) with dimensions similar to the six-helix bundle conformation of gp41, the only available crystal structure conformation of gp41. The cylinder has a radius of 17 Å and a height of 48 Å. The use of this cylinder thus mimics the maximum space that gp41 could occupy, though it is more likely that the unbound gp41 conformation only has an ordered N-helix associated with the inner domain of gp120, which may keep it from associating with the gp41 C-helix. Superposition of both density maps reveals a decrease in gp41 height, though it is unclear whether this observation is suggestive of a gp41 conformational change.
Missing residues contributed to the small void volume at the threefold axis observed when docking the coordinates to our unliganded density map, whereas our density map of Env in the liganded state docked well with the HIV-1 CD4-bound gp120 crystal structure (PDB 1GC1) and the CD4m-containing gp120 crystal structure (PDB 2I5Y). In the docking of unliganded SIV gp120 crystal structure to our unliganded gp140 structure, the V1/V2 and V3 loops, along with 83 residues from the N-terminus and 9 from the C-terminus, were truncated. The HIV-1 gp120 coordinates in the liganded state also have truncated N-and C-termini, V1/V2, and V3 loops. Inner-Outer Domain Interface on gp120. Segmentation of the native gp140 trimer revealed a clear gap in density in the trimer arms ( Fig. 4A and Fig. S2A) . Inspection of the density map after docking of the SIV gp120 crystal structure colocalized the gap in density with the boundary between the inner and outer domains (Fig. 4C) . Such a secondary structural element validated the gp120 orientation within the density map, with the inner domain oriented toward the threefold axis. The gap in density was not present in the density map of gp140 in the liganded state (Fig. 4 B and D and Fig. S2B ), reflecting the closer association between the inner and outer domains in the liganded conformation when compared to the SIV unliganded conformation.
Discussion
The increased distance between the gp41 core and each gp120 subunit (Figs. 1 C and F) observed between the unliganded and the liganded states can be properly described as a density shift away from the threefold axis in our gp140 structure, but with a constrained extension of the outer domain at the tip of each trimeric blade to the central axis. Whereas the observed density shift of approximately 15 Å correlates well with the tertiary structural change previously measured by the displacement of the V2 loop stem, strands β2 and β3, elicited in the liganded state (7), such density weakening at the junction of gp120 subunits to the gp41 density at the threefold axis may not only sterically facilitate the formation of the gp41 prehairpin intermediate to expose the fusion peptide, but may also contribute to gp120 shedding as previously reported (21, 22) . As part of the quaternary density movement in the gp140 trimer, the reported tertiary conformational change of gp120 could be operating in concert within the trimer to expose and elicit the conformational change of gp41. The locations of the domain movements with respect to the threefold axis are consistent in that the inner domain is juxtaposed to the threefold axis (Fig. 3 A and B) , and the outer domain and glycosylated face is solvent-exposed. This counters one of the Zanetti models, in which the glycosylated face of the outer domain was oriented toward the threefold axis (9). The Zhu model revealed a trimer of a different morphology (10) , with a gp120 orientation that was docked similar to our work, but with the distinction that there are likely many steric clashes at the threefold, because they did not allow sufficient space there to account for the missing residues in the crystal structure at the N-and C-termini. Moreover, whereas our gp120 subunit is oriented such that the inner domain is oriented toward the threefold axis, as speculated in the Chen model (7), our structure indicates the movement of the inner domain away from the threefold axis, instead of moving the outer domain and leaving the inner domain static, resulting in a more exposed threefold axis and a loosened gp120/ gp41 interface. This may serve as intersubunit communication to promote conformational rearrangement of gp41, likely exposing the fusion peptide. Additionally, the position of the outer domain is further confirmed to be static, as the maximum diameter of gp140 (110 Å) was found to remain unchanged in the liganded density map. This observation is consistent with a tertiary shift in the gp120 inner domain proximal to the threefold axis, thus resulting in the diminished gp120/gp41 interface.
Our observed gp120 orientation accommodates CD4 entry and binding angle perpendicular to the threefold plane in agreement with the Chen model (Fig. 4A) , and the gp120 orientation in the liganded state is in agreement with Kwong's prediction regarding the gp120 trimeric arrangement (Fig. 4B) (8, 23) . The orientations of gp120 docked in our two density maps supported the predicted model by Chen et al. (7) by placing the C-terminus next to the central gp41 stalk at the threefold axis of gp140 structure. The predominantly hydrophobic residues in the unliganded, inner domain β-strands of the bridging sheet (β2-3), which are at the gp120/gp41 junction in our docking, may stabilize the hydrophobic α-helices of gp41. Dissociation of these gp120 β-strands from gp41 thus may serve to enhance the accessibility of gp41 at the threefold axis for subsequent fusion peptide exposure and insertion, followed by genome release in endosomes as recently suggested (24) . Rotation of gp120 subunits in the liganded state could remove part of the gp120/gp41 association and contribute to its weakening, possibly further promoting gp41 N-and C-helix association through exposure of hydrophobic surfaces, facilitating quaternary arrangement for the fusion peptide to insert into the host membrane. Comparison between our native and liganded gp140 structures corroborates the Liu model of subunit rotation (11) . The gp120 subunit rotates, from having its CD4BS perpendicularly accessible prior to the binding, to a location laterally exposed from gp120, such that CD4 does not sterically occlude the coreceptor binding site, thus maximizing CCR5 or CXCR4 accessibility to the bridging sheet and V3 loop. Previous work has established that all three CD4 binding sites are exposed in the trimer construct (25) , corroborating the exposed nature of the CD4BS as evidenced by our unliganded gp140 docking. However, the Liu model did not account for the observed tilt away from the z-axis, which flattens the trimer and exposes the threefold axis, the location where the N-terminal fusion peptide of gp41 would ostensibly protrude from and insert into the host membrane. Moreover, the location of the V2 loop in the Liu model is proximal to the threefold axis, a position that is likely a result of placing the b12-bound coordinates in their structure of the unbound state. In Liu's ternary complex, the positioning of V2 does not populate the cap over the observed cavity, and such void volume does not colocalize to the N-and C-termini, either. The observed V2 location in the unliganded gp140 density map and its subsequent location in the liganded state suggest a drastic rearrangement such that the V2 stem is translocated vertically and rotated such that it is oriented toward the adjacent Fig. 4 . Segmentation of gp140 reveals density gap colocalizing with innerouter domain boundary. (A) Volume rendering of unliganded gp140 docked with unliganded SIV gp120 in an oblique view with segmentation slice reveals areas of higher density (in red) compared to areas of lower density (in yellow, green, and blue). A clear separation between high density domains is observed while slicing through volume, which is likely indicative of the boundary between inner and outer domains. Arrow is pointing at the likely orientation of CD4 as it binds to the CD4-binding residues. (B) Volume rendering of CD4m-bound gp140 in an oblique view with segmentation slice reveals a uniform area of high density. As opposed to native, unliganded gp140, no discernable gap in high density areas is seen, suggesting closer association between the inner and outer domains of gp120. Arrow points to the location of the CD4 binding site subsequent to rotation of gp120 as described in Fig. 2. (C) Coordinates of unliganded SIV gp120 with slice from unliganded gp140 density map. Tilt reveals localization of the density gap at the inner-outer domain interface. (D) Coordinates of CD4-bound HIV-1 gp120 with slice from CD4m-bound gp140 density map. Tilt reveals lack of density separation, with corresponding closer association between inner and outer domains as observed in the coordinates.
counterclockwise subunit (Fig. 4B) . Also, the location of the V3 loop in our unliganded docking, proximal to the adjacent clockwise gp120 subunit (Fig. 3B) , is in agreement with previous work demonstrating a joint V2/V3 antibody epitope (26) , as well as with work suggesting gp41-independent intersubunit gp120 contacts mediated by V2 (27) and with the locations of V2 and V3 suggested by the Chen model (7). Furthermore, the gp140 construct utilized in this work contains mutations in both primary and secondary cleavage sites, leading to enhanced trimer stability (12) . Whereas other studies have suggested altered quaternary profiles in cleavage-defective clade A gp140 constructs as opposed to cleavage-competent constructs, predominantly in the gp41 region (28) , as well as a difference in immunogenicity between cleavagedefective and cleavage-competent clade B constructs (29) , the enhanced stability reported for clade C cleavage-defective gp140, as well as the native-like immunochemical binding profile that clade C cleavage-defective gp140 displays (12), allowed for improved homogeneity crucial for data collection and averaging.
The discrepancy of a density-void cavity below the outermost surface of the trimer at the central threefold axis described by tomography density maps (9-11) is a noteworthy difference between the tomograms and the current work. Our density maps suggest that the upward swing of each gp120 subunit ( Fig. 2 A and C) in the unliganded state might have contributed to the depression feature at the threefold axis, the concave nature of which may have been represented as an apparent cavity in the published tomography structures of lower resolution, where a density cap over the cavity results in a convex trimer apex. The tilt-induced depression would be raised in the liganded state, resulting in the aforementioned tilt away from the z-axis. Thus, the cavity may be an indication of a depression at the threefold axis, and the density over the cavity may well be a limitation of spatial resolution. However, having observed such a clear depression at the threefold axis, our density map concurs with the "cavity" observation, albeit without an overlapping cap at the surface. Another discrepancy of gp41 density is described between the Zanetti model and the Zhu model for having a thin, rod-like stalk and a tripod-like, broad gp41 conformation, respectively, at the threefold axis (9, 10) . The lack of a rod-like thin stalk at the gp41 locus, as observed in the density map of unliganded gp140 (Fig. 2 A and C) and in the Zhu model (10), suggests extensive contacts between gp120 and gp41 at the interface. The gp140 construct contains the membrane-proximal external region, which likely contributes to the density protruding from the underside, viral membrane-proximal density of the trimer structure. The decreased gp120/gp41 interaction (Fig. 1C) elicited by ligand binding may serve as intersubunit communication required to elicit conformational changes in gp41. Exposure of the gp41 N-helix has been demonstrated to require CD4 binding (30) . In line with recently published gp120 coordinates describing the gp41-associated seven-strand β-sandwich (31), the region at the gp120/gp41 interface comprising part of the gp120 inner domain may serve not only as an anchor for the three gp120 subunits to the threefold, but also as a trigger to sterically prevent premature association of the Nand C-helices of gp41. Our docking orientation of gp120, in which both of the termini are oriented toward the threefold axis, is in good agreement with the structure from Pancera et al. (31) , as well as with earlier studies implicating N-and C-termini substitution mutants with abrogated gp120/gp41 association (32) . However, there remains a need to further verify whether the density shift observed in this work can be appropriated to a tertiary inner domain shift or to a quaternary gp120 translation or rotation resulting in a weakened gp120-gp41 interface. Additionally, alterations (33) and truncations (34, 35) of the gp41 C-terminal cytoplasmic domain (CD) region result in CD4-independent membrane fusion, implicating likely cross-membrane allosteric cooperativity between gp120 and the gp41 CD. The altered gp140 was a chimeric construct derived from BaL gp120 elements and HXB2 gp41 elements, including the HXB2 gp41 CD (33) . The mutated and truncated constructs included point mutations of transmembrane residues and truncations of cytoplasmic domains, resulting in increased fusion efficiency and exposure of CD4-induced epitopes (34, 35) . Such constructs display an altered immunogenic profile than native Env, suggesting a pretriggered gp120 conformation exposing the coreceptor binding site. The similarity between binding profiles of native Env and gp140 to sCD4 and neutralizing antibodies (12) , however, suggests that the native conformation of Env is retained in the gp140 construct, and that the initial point of contact of CD4 is very similar in both gp140 and native Env. Further downstream events including membrane fusion are observed to be impacted by the altered and truncated constructs. Furthermore, recent cryo-EM work based on detergent-solubilized trimers extracted from virions (36) portrays a cage-like morphology of Env with an accentuated cavity and a flat membrane proximal region, suggesting both minimal gp120-gp41 interactions and likely dissociated gp41 N-helices. Biochemical characterization of the extracted Env complex, as opposed to comparison with membrane-embedded Env in viruslike particles, would help to address whether a native quaternary arrangement is retained after extraction and solubilization, as done with the gp140 construct (12) . The minimal gp120-gp41 contacts suggested by Wu's density map would not agree with the abundant biochemical and mutagenesis data asserting close gp120-gp41 contacts (37) (38) (39) (40) (41) .
The gp140 trimeric immunogens characterized in this work, along with the molecular models of conformational rearrangement suggested by them, will provide critical features of the designated gp140 immunogen. The three discrete events observed in the transition between the native, unliganded state and the liganded state, namely an outward density shift (Fig. 5A) , a gp120 tilt away from the z-axis (Fig. 5B) , and a gp120 rotation along the intramolecular axis (Fig. 5C ), outline the major quaternary conformational shifts that derive from the gp120 and gp41 tertiary conformational alterations (Movie S1). Further work to quantitatively validate the quaternary epitope locations presented in this work will serve to corroborate our experimental observations. Analysis of additional deletion variants and full-length constructs will yield clues as to the quaternary impact of important gp120 regions such as the V2 loop, given the propensity of the partial V2 truncation in the construct utilized in this work to elicit an enhanced immune response. The quaternary structural arrange- (A) Density shift away from threefold axis results in weakened gp120/gp41 interface and closer association between gp120 inner and outer domain. (B) Tilt away from z-axis results in flatter trimer and exposed threefold axis, likely contributing to gp41 fusion peptide exposure and insertion into host membrane. (C) Subunit rotation along designated subunit axes (S 1 , S 2 , and S 3 , as previously described, protruding out of the plane of the page) further weakens gp120/gp41 interface, likely freeing up gp41 N-helix for association with the C-helix. ment of gp140 in a metastable state and the putative locations of its exposed epitopes contribute to the characterization of subsequent events occurring prior to membrane fusion, and utilization of gp140 as an immunogen in the unliganded and liganded forms with knowledge of epitope location and exposure could prove useful in elicitation of antibodies against both conserved epitopes, as opposed to the use of monomeric gp120 or of adenovirus-based cell-mediated immunity, thus providing a feasible direction for rational immunogen design (12, (42) (43) (44) .
Materials and Methods
Sample Preparation and Cryoelectron Microscopy. Samples of subtype C o-gp140ΔV2TV1 (hereinafter gp140) were biochemically characterized, purified, and imaged as previously described (6, 12, 45, 46 ) (see also Figs. S3, S4, and S5).
Image Processing and Docking of Subunit Tertiary Structures. Deconvolution of contrast transfer function was done similarly as previously described (6, 45) , where these particles were centered by autocorrelation, bandpass-filtered, and subjected to multivariate statistical analysis, namely correspondence analysis and hierarchical clustering, and submitted for refinement using EMAN (46) . The density maps were validated by the agreement between the calculated reprojections and the class averages of micrographic images at each angular step (Fig. 1 A and D) . Density maps were fitted to previously published X-ray coordinates of either unliganded SIV gp120 (7) or sCD4-bound HIV-1 gp120 (8) as previously described (6) . To address the lack of unliganded gp41 coordinates, a cylinder with a radius of 17 Å and height of 48 Å, equivalent to the six-helix bundle, was placed at the threefold axis, thus conveying the maximum space that gp41 could ostensibly occupy.
Particle Distribution Across Euler Angles. The distribution of the particles across Euler angles shows particles to have certain preferred orientations, as distinguished by inspection of class averages juxtaposed to projections of the trimer volume ( Fig. 1 A and D) . There are some Euler angle ranges that are not as well-represented by the data, particularly at values representative of trimer side views. Undersampling of side views is likely the result of side views being mischaracterized as monomeric breakdown products and being screened from the particle selection process. Whereas side view undersampling was likely a factor in both unliganded and liganded trimers, it was more accentuated in the unliganded reconstruction. Fig. S1 . Structural comparison of selected existing HIV-1 gp120 coordinates. X-ray crystallographic coordinates of gp120 in complex with various ligands structurally matched using least-squares fitting. (Left) Four sets of gp120 coordinates were fitted to the earliest set of gp120 coordinates (PDB 1GC1). (Right) The table indicates the root mean square deviation (rmsd) between PDB 2I5Y, 2B4C, 2QAD, and 3JWD. As shown, the rmsd between 1GC1 and the other gp120 coordinates is consistently below 2 Å, thus giving similar results in docking. Fig. S2 . Segmentation of gp140 in unliganded and liganded states viewed as stereo pairs. (A) Stereo pair of volume rendered unliganded gp140 docked with unliganded simian immunodeficiency virus gp120 in an oblique view with segmentation slice reveals areas of higher density (in red) compared to areas of lower density (in yellow, green, and blue). Arrow is pointing at the likely orientation of CD4 as it binds to the CD4-binding residues. (B) Stereo pair of volume rendered CD4m-bound gp140 in an oblique view with segmentation slice reveals a uniform area of high density. Arrow points to the location of the CD4 binding site subsequent to rotation of gp120 as described in Fig. 2 . . Sample raw unliganded gp140 trimer images. Cryoelectron micrograph boxed particles displaying unliganded gp140. As evident from the images, gp140 is in a fan-blade motif with the gp120 subunits extending from the central stalk of gp41. Note the almost contiguous interface between gp120 and gp41, suggesting close association between these subunits. Fig. S5 . Sample raw CD4m-bound gp140 trimer images. Cryoelectron micrograph boxed particles displaying CD4m-liganded gp140. The boxed particles clearly show a diminished interface between the gp120 subunits and the central gp41 stalk. Such a decreased contact with gp41 could trigger the conformational changes required to expose the gp41 N-terminal hydrophobic fusion peptide, priming it for insertion into the host membrane and initiating membrane fusion.
